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Methods
Freeze-induced pH changes in frozen biological buffer solutions were measured by the colour change of added universal indicator solution. All buffers, NADH and enzyme samples were frozen in 1 ml plastic vials and defrosted by immersion in 45°C water.
NADH concentrations were determined by enzyme assay 131.
Resiilts ut id disciissior i NADH could not be freeze-stored at -25°C in 50 mMsodium phosphate buffer (pH range 6-8 20°C) without serious loss of the nucleotide; however, no losses were seen upon freeze storage in 50 mM-Hepes buffer (pH range 7-8, 20°C). The rate of NADH degradation was greater (approx. 2-fold) in 50 mM-than in 5 mM-sodium phosphate buffer, although NADH values at both buffer concentrations were similar (5% remaining) after the 2 day freezing period. However, NADH stored in liquid nitrogen in 50 rnM-sodium phosphate buffer, pH 7.0, retained XY'% of its pre-freeze value over a 2 day storage period.
The rate of freeze-induced NADH degradation was not affected by the number of times the sample was thawed and refrozen. Very little difference was seen in the degradation rate of single freeze samples over that of the multifreeze sample. Thus, it would appear that time spen! in the frozen state is the major factor responsible for NADH degradation other than the freezing process itself.
NADH incubated at 4°C at pH 3.7, 5.0, 6.0, 7.0, 7.5 and 8.0 showed considerable degradation at acidic pH. The degradation profile at pH 3.7 at 4°C was very similar ( I , , , 5 h ) to that seen with 50 mM-sodium phosphate buffer pH Bovine serum albumin retarded the freeze-induced pH changes in phosphate buffers with higher protein concentrations being more effective (7.5 mg of BSA/ml prevented any pH change). Similarly, dimethyl sulphoxide and glycerol retarded the pH changes with 30% of either cryoprotectant preventing any pH change.
On freezing yeast alcohol dehydrogenase and pig liver cytosolic aldehyde dehydrogenase in sodium phosphate and Hepes buffers, pH 7.0, in both cases enzyme losses are much greater in sodium phosphate buffer than Hepes buffer and were greater at -90°C than at -196°C. Sample activity retention showed little dependence o n the freezing rate as samples frozen rapidly by immersion in liquid nitrogen and then transferred t o -25°C showed similar losses t o those frozen slowly from room temperature t o -25°C.
Protein freeze storage has. in the past, been more o f an art than a science and any rules governing such freezc storage, if indeed any exist, have been rather empirical. The major cause of protein denaturation upon freezing could be due t o the development of an acidic pH. although the extent of such denaturation is variable with diffcrent proteins (4 1.
It is suggested that the following steps, if followed progressively, might help to reduce the time spent and the material lost in the usually 'hit and miss art' o f protein freeLe storage:
( 1 ) Where possible, store samples in zwitterionic buffers which show little pH change on freezing (such as Hepes). ( 2 ) Storage at liquid nitrogen temperatures. (3) If storage in inorganic buffers cannot be avoided then: ( u ) determine the pH change of buffer upon freezing by the indicator method; ( h ) replace one buffer, where possible, with another in which the pH change is smaller (such as potassium phosphate for sodium phosphate); (c) freeze at high protein concentration to prevent pH changes, the indicator method can be used t o determine the minimum protein concentration required; ( d ) use small volumes to allow for rapid freezing and thawing; and ( e ) use additives: test the cryoprotectant's ability to prevent buffer pH changes by the indicator method; the cryoprotectant action might be protein specific and require a lengthy test procedure.
7.0 upon freezing and storage at -25°C.
From the colour changes observed in frozen mixtures of buffers with universal indicator solution, phosphate buffers were shown to give considerable pH changes upon freezing ( -25°C to -105"C, ApH 3-6 units), while buffers such as Hepes showed no such changes. In general, buffers made from a mixture of inorganic salts showed greater pH changes than those seen with zwitterionic organic buffers.
The diazornethane peptide inhibitor, Z-( '2SI]Tyr-Ala-CHN, has been shown to enter cells and specifically label the lysosomal cysteine proteinases cathepsins L and B [ 11. The uptake of similar inhibitors by cells is thought to occur via pinocytosis [ 21, although passive diffusion of this inhibitor across the membrane cannot be discounted. To determine whether this may occur, we have looked at the ability of this inhibitor to enter isolated lysosomes.
Mouse liver lysosomes were purified according to the method of Yamada et ul. [3] . This method involves the preswelling of a crude lysosoma-mitochondria1 fraction with 1 mM-calcium chloride to specifically decrease the density of mitochondria to enhance their separation from lysosomes on a Percoll gradient. The fractions enriched in lysosomal enzyme activity were then used for the study.
Percoll-gradient fractions of lysosomes were labelled for varying lengths of time with 0.1 pM-Z-[ '2SI]Tyr-Ala-CHN,. The fractions contained 0.25 M-sucrose at pH 7.3. After labelling, the lysosomes were spun down ( 10 000 g for I0 min) and solubilized using SDS/polyacrylamide-gel electrophoresis (PAGE) sample buffer. Samples were then run o n 12.5% (w/v) SDSlPAGE and autoradiographed to visualize the labelled ?roteins. lmmunoprecipitation was performed by solubilization of the lysosomes in buffer containing SDS/ Triton X-100 for cathepsin B or sonnicated in low-salt buffer for cathepsin L and precipitated as described previously I 1 I.
Three main proteins labelled and were identified as cathepsin L, M , 24000 and cathepsin B, single chain M ,
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10x1 33000 and light chain M , 5000. Labelling of the three proteins was seen after 10 min, with maximum labelling seen after I h. Labelling of cathepins L and B was only seen in preparations of lysed lysosomes in the presence of dithiothreitol. indicating that a reducing environment is essential for labelling of these enzymes. Therefore, it can be concluded that in these experiments Z-[ ITyr-Ala-CHN, labels cathepins L and H by entering the intact lysosomes.
To assess the effect of Z-( 12'1]Tyr-Ala-CHN, on the lysis of lysosomes during the labelling. release of sulphatase activity was measured. There was no increase in free sulphatase activity during these experiments, indicating that the inhibitor does not cause lysis of the lysosomal membrane. Previous workers have used osmotic lysis of lysosomes to estimate the ability of carbohydrates, amino acids and small peptides to cross the lysosomal membrane (4. 51. Our results indicate that although Z-[ '251]Tyr-Ala-CHN, docs not cause lysis of the membrane, it is able t o enter the lysosome, a s shown by the labelling of the lysosomal enzymes.
To assess the ability of other cysteine proteinase inhibitors t o cross the lysosomal membrane. 'blocking' experiments were performed. E-04 [ I -3-carboxy-2.3-I,.trrls-epoxypropi~)nyl-leucylamido-(~-~u~inidino) butane], E -6 4 [~-3 -cthyl -oxycarbonyl -fr(i/i.s-epoxypropionyl -leucylamido -( 3 -methyl) butane] and Z-(I]Tyr-Alo-CHN, were incubated. at I 0 p~ final concentration. with intact lysosomes for I h and then 0.1 ~(~-Z-l~~'llTyr-Ala-CHN, was added and incubated further for 1 h. The labelled proteins were visualized by autoradiography. E-64d and Z-/ I ITyr-Ala-CHN, completely blocked all labelling by Z-I ''il ITyr-Ah-CHN,. whereas E-64 caused only a slight reduction of labelling. The labelling of proteins in the lysed lysosomcs was totally blocked by preincubation with all three inhibitors. These results show that Z-Tyr-Ala-CHN, and E-64d rapidly cross the lysosomal membrane. whereas E-64 does not. The use of E-64 in cell culture and animal experiments is therefore limited owing to its poor ability to cross biological membranes.
The difference in ability to permcate the membrane may be related to the overall charge of the molccule, rather than the molecular mass. E-64 and E-64d have very similar masses and the main diffcrence between them is their overall charge. E-64 has a strong positivc charge at this pH. whereas E-64d has a more neutral charge.
This work has demonstrated an alternative method for investigating the permeability of the lysosomal membrane and will enable the permeability of the lysosomal membrane to other cystcine proteinase inhibitors to be established.
